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We present the first search for gravitational waves from the coalescence of stellar mass and sub-
solar mass black holes with masses between 20 - 100 M and 0.01 - 1 M(10−103 MJ), respectively.
The observation of a single sub-solar mass black hole would establish the existence of primordial
black holes and a possible component of dark matter. We search the ∼ 164 days of public LIGO
data from 2015-2017 when LIGO-Hanford and LIGO-Livingston were simultaneously observing.
We find no significant candidate gravitational-wave signals. Using this non-detection, we place
a 90% upper limit on the rate of 30 − 0.01 M and 30 − 0.1 M mergers at < 1.2 × 106 and
< 1.6× 104 Gpc−3yr−1, respectively. If we consider binary formation through direct gravitational-
wave braking, this kind of merger would be exceedingly rare if only the lighter black hole were
primordial in origin (< 10−4 Gpc−3yr−1). If both black holes are primordial in origin, we constrain
the contribution of 1(0.1) M black holes to dark matter to < 3(0.3)%.
I. INTRODUCTION
The first gravitational wave observation originating
from the merger of two black holes was detected on
September 14th, 2015 [1]. Since then, over a dozen binary
black hole (BBH) mergers [2–8] have been reported along
with two binary neutron star mergers [9, 10] by Advanced
LIGO [11] and Virgo [12]. There are also dozens of ad-
ditional candidates from the concluded third observing
run of Advanced LIGO and Virgo [13]. Most recently,
two new compact binary coalescences with high unequal
mass [14, 15] have been reported; the mass ratios are ∼ 3
and ∼ 9, respectively.
The nature of dark matter remains a mystery given null
results from particle experiments for direct dark mat-
ter search (see e.g., [16, 17] and recent notable excep-
tion [18]). The observation of BBH mergers has sparked
renewed interest in primordial black holes as a possi-
ble contributor to dark matter [19–27]. However, the
merger of stellar-mass primordial black holes may be dif-
ficult to separate from standard stellar formation chan-
nels. Black holes, such as those observed by LIGO and
Virgo, may form through standard stellar evolution be-
tween 2 − 50M [28–33]. Furthermore, gravitational-
wave observation alone has not yet been able to deter-
mine if a component of a binary is either a neutron star or
black hole [34, 35]; the observation of 1−2 M component
of a merger cannot be ruled out as a black hole. Although
the observation of a coincident gamma-ray burst or kilo-
nova, such as in the case of GW170817 [9, 36–39], can
confirm the presence of nuclear matter, there is no clear
way to determine if a merger involved a primordial black
hole at the present time. In contrast, there is no known
model which can produce sub-solar mass black holes by
conventional formation mechanisms; the observation of
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a single sub-solar mass black hole would provide strong
evidence for primordial black holes, which may form a
component of dark matter.
There are a variety of constraints for the contribut-
ing fraction of primordial black holes to dark matter (see
Refs. [40, 41] and references therein). Gravitational-wave
astronomy provides a unique window; notably, the direct
search for sub-solar black holes has constrained the mass
range 0.2−2 M for near equal-mass sources [42, 43] and
the non-detection of a gravitational-wave astrophysical
background by LIGO and Virgo has constrained primor-
dial black holes with 0.01 − 100 M [44]. Future space-
based gravitational-wave detectors are expected to probe
primordial black holes with mass 10−8 − 1 M [45]. Re-
cently, very tight constraints from the NANOGrav pulsar
timing array [46] are given by Ref. [47] for 0.001− 1 M
black holes based on the non-detection of gravitational
waves induced by scalar perturbations during the ex-
pected primordial black hole formation epoch. In this
work, we focus on constraints obtained from direct ob-
servation of gravitational waves from primordial black
holes.
So far, all observations of gravitational waves from
BBH mergers were identified by searches targeting
stellar-mass BBHs or neutron stars. Targeted searches
for sub-solar mass binaries with component masses be-
tween 0.2−2 M have so far yielded no detections [42, 43].
We report a search for sub-solar mass black holes in
an unexplored region of parameter space: the merger of
0.01−1 M sub-solar mass black holes with a 20−100 M
stellar-mass black holes. We summarize the region we
search in comparison to past analyses in Fig. 1. We find
no statistically significant gravitational-wave candidates
and place the first constraints from gravitational-wave
observation on the merger rate of these sources.
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FIG. 1. The primary and secondary masses of the sources
searched by our analysis (blue), 2-OGC/GWTC-1 (green) [3,
8], and the sub-solar mass LVC search (orange) [42].
II. SEARCH
We analyze the publicly available LIGO data, which
covers the 2015-2017 observing period [48, 49]. This
data contains ∼ 164 days of LIGO-Hanford and LIGO-
Livingston joint observation time. Virgo was also observ-
ing for the final month of this period, but had limited
range in comparison to the LIGO instruments. We use
the open-source PyCBC-based search pipeline [50, 51]
configured similarly to the analysis of Ref. [3] to ana-
lyze the LIGO data, identify potential candidates, apply
tests of each candidate’s signal consistency [52, 53], rank
each candidate, and finally assess each candidate’s statis-
tic significance [54–56]. The statistical significance of any
candidate is assessed by comparing it to the empirically
estimated rate of false alarms. This rate is estimated by
creating numerous fictitious analyses that are analyzed
in an identical manner to the search, but where time
shifts between the data of the two LIGO observatories
are applied. The time shift of each of these background
analyses is greater than the light-travel-time between the
two LIGO observatories, which ensures that astrophys-
ical signals are not found in coincidence. The average
sensitive distance of our analysis at a false alarm rate of
1 per 100 years is shown in Fig.2.
The most sensitive searches for gravitational-waves
from compact-binary mergers use matched filtering to
extract the signal-to-noise from data for a given tem-
plate waveform [50, 57]. Each template corresponds to
the gravitational-wave signal for a single type of source.
To search for sources with varied component masses, a
discrete bank of template waveforms is required. For our
search, we use a brute-force stochastic method to find
the nearly 9 million templates required by our analy-
sis (∼ 9x the size of the bank used in [42]). To save
on computational cost, we search for up to the last 60s
of each gravitational waveform. For the lowest mass
sources, this implies that we analyze the data starting at
a higher gravitational-wave frequency than for the heav-
20 40 100
Primary Mass (M¯)
10−2
10−1
100
S
ec
on
d
ar
y
M
as
s
(M
¯)
10
12
14
16
19
23
28
31
36
42
47
50
59
69
77
90
93
107
125
10
12
15
16
20
23
24
31
35
39
47
53
58
66
80
85
92
110
120
10
11
12
15
18
23
27
29
35
40
45
53
55
64
74
78
91
104
126
9
11
12
16
18
21
25
27
29
35
42
47
53
57
66
74
88
105
114
8
10
12
14
16
19
22
24
29
32
36
39
47
53
63
71
78
91
113
7
8
9
11
13
17
18
20
24
27
31
35
44
43
54
61
70
79
96
5
6
7
9
10
13
15
18
21
22
25
28
33
34
47
52
55
73
80
4
5
6
7
8
9
12
12
14
17
19
21
26
24
33
38
42
53
58
101
102
A
ve
ra
ge
R
an
ge
(M
p
c)
FIG. 2. The distance our search can detect sources at a false
alarm rate of 1 per 100 years as a function of the primary
and secondary masses, averaged over the possible sky loca-
tions and orientations of an isotropic source population, and
averaged over the observation period. The horizon distance,
the maximum distance a source could be found, is a factor of
∼ 2.26 larger than the average range shown here.
iest sources, where we analyze the strain data starting
from 20 Hz.
To model the gravitational-wave signal, we use EOB-
NRv2, a model based on an effective one-body Hamil-
tonian approximation of general relativity in combina-
tion with a fitted merger and ringdown [58]. We as-
sume our sources’ orbits have negligible eccentricity by
the time of observation and that the component black
holes are non-spinning. This choice is consistent with
models of primordial black holes which predict negligible
component spin [59–63]. We crosscheck the EOBNRv2
model against the recent numerical relativity surrogate
EMRISur1dq1e4 [64]. We find both models to be con-
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FIG. 3. Comparison of the gravitational waveform for a 30 M- 0.01 M merger. The EOBNRv2 interpolant model used by
our search is consistent with the EMRISur1dq1e4 numerical relativity surrogate model when the inclination of the source’s
orbital plane is close to face-on/off. For sources with highly inclined orbital planes, higher order modes becomes increasingly
important.
sistent across our search space. We found EOBNRv2 to
be too slow for use by the PyCBC-based search directly,
and the performance would have made stochastic gener-
ation of our template bank infeasible. Instead, we use a
straightforward interpolant based on∼ 104 pre-generated
EOBNRv2 waveforms with different mass ratios which
can be rapidly scaled to any point in parameter space.
The interpolant produces results completely consistent
with the base EOBNRv2 model. A visual comparison
between these models is in Fig. 3.
Our search is sensitive to sources with mass ratio up to
104. This poses new challenges for the modelling of their
gravitational waveform. Gravitational-waves are often
expressed in terms of spin-weighted spherical harmonic
decomposed modes. In particular, the EOBNRv2 model
provides only the dominant mode of the gravitational
waveform. Methods exist for incorporating higher order
modes into searches at increased computation cost [65].
However, accurate models which provide higher order
modes exist only for lower mass ratio sources [66–68], or
short duration signals [64]. We compare our templates
against these models to estimate the potential loss in
search sensitivity. Fig. 3 shows a comparison of our wave-
form models compared to the EMRISur1dq1e4 numerical
relativity surrogate, which includes higher modes. We
find that neglecting higher order modes in our search im-
poses an average loss in signal-to-noise ratio (SNR) of
∼ 5%(10%) for sources with a 20 (40) M primary mass.
The most significant loss in sensitivity is for sources with
significant inclination of their orbital plane with respect
to an observer on Earth.
III. OBSERVATIONAL RESULTS
We find that the most significant candidate from our
search was observed at a false alarm rate of 3 per year,
and if it were astrophysical, would be consistent with the
merger of a 23 M primary black hole with a 0.012 M
secondary. Considering the time searched, our results are
consistent with a null observation.
We place an upper limit at 90% confidence on the rate
of mergers throughout the searched space using the loud-
est event method [69]. The upper limit R90 is given as,
R90 =
2.3
V T
(1)
where V is the sensitive volume of our analysis at the
false alarm rate of the most significant candidate, and
T is the total time searched. We simulate a popula-
tion of sources distributed isotropically in the sky and
binary orientation, and uniform in volume, to measure
the sensitive volume of our analysis as a function of the
primary and secondary masses. Fig. 4 shows the upper
limit on the merger rate as a function of the secondary
mass. Assuming a distribution of primary masses consis-
tent with the black holes observed by LIGO and Virgo,
we find that the rate of 0.01 M solar mass mergers is
< 1.7× 106 Gpc−3yr−1 at 90% confidence.
IV. IMPLICATIONS FOR PRIMORDIAL
BLACK HOLES
Whereas stellar-mass black holes can be either the
product of stellar evolution or primordial in origin, given
conventional stellar evolution, sub-solar mass black holes
can only form in the primordial Universe. We consider
two scenarios, the first that only the secondary, lighter
black hole is primordial in origin and has only recently
formed a binary, and a second scenario where both black
holes are primordial in origin and formed a binary in the
early Universe.
For the first scenario, binaries can form when a pri-
mordial black hole is dynamically captured by another
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FIG. 4. The 90% confidence upper limit on the rate of mergers
as a function of the mass of the secondary black hole, for
a range of primary masses (various colors), and the average
assuming a primary mass population consistent with observed
BBH mergers from the 2-OGC catalog (black) [3].
black hole due to gravitational-wave bremsstrahlung in
the galactic field. To estimate the rate of mergers, we
need the abundance of each type of black hole and their
interaction cross-section. For two black holes with mass
m1 and m2 and relative velocity v, the cross section for
coalescence is given by Ref. [70] as
σ = 2pi
(
85pi
6
√
2
)2/7
G2(m1 +m2)
10/7(m1m2)
2/7
c10/7v18/7
(2)
where G and c are gravitational constant and speed of
light, respectively. As shown by Ref. [23], the binaries are
expected to quickly merge after formation and disruption
by other primordial black holes can be neglected.
To constrain the primordial black hole distribution, we
use the dark matter halo samples from the cosmolog-
ical simulation project IllustrisTNG for galaxy forma-
tion [71]. In the redshift = 0 snapshot of the TNG-100
high resolution simulation, there are ∼ 105 dark mat-
ter main subhalos with non-zero star formation within a
∼ 100 Mpc size cube. For each main subhalo, we assume
the dark matter number density follows the Navarro-
Frenk-White (NFW) profile ρNFW [72], and that primor-
dial black holes constitute a fraction of dark matter with
mass fraction fPBH.
Estimating the abundance of black holes produced by
standard stellar evolution is a challenge due to the lack
of observational constraints. Nevertheless, the synthesis
population study of Ref. [73] shows that ∼ 0.006% of the
total galactic halo mass including dark matter is in the
form of stellar-origin black holes. As an approximation,
we take this value as the universal fraction over dark
matter main subhalos to infer the mass density ρBH of
stellar-origin black holes.
The rate density of dynamical captures between pri-
mordial and stellar-origin black holes is finally
R(m1,m2) =
∑
Halos
∫ 3√2Rhalfmass
0
ρBH
m1
fPBHρNFW(r)
m2
σvd3r
(3)
where m1, m2 are the mass of stellar-origin and
primordial-origin black holes, respectively. Assuming a
uniform spatial distribution of stellar-origin black holes,
the radius r is integrated from the main subhalo cen-
ter to 3
√
2 times of the radius which contains half of the
stellar mass, Rhalfmass. The relative velocity v is ap-
proximated by the stellar dispersion velocity, provided
by IllustrisTNG. We find that in this scenario, even for
fPBH = 100%, this formation channel implies a merger
rate < 10−4 Gpc−3 yr−1, which is orders of magnitude
below our observational constraints.
On the other hand, if both primary and secondary
black holes are of primordial origin, Refs. [26, 74] give
the merger rate for a binary with mass m1 and m2 as
R(m1,m2) = 3.3 · 106 · f2PBH(0.7f2PBH + σ2eq)−
21
74 (m1m2)
3
37
× (m1 +m2) 3637 min
(
P (m1)
m1
,
P (m2)
m2
)(
P (m1)
m1
+
P (m2)
m2
)
(4)
where mass m and merger rate R are in units of M
and Gpc−3 yr−1, respectively. P (m) is the normalized
primordial black hole mass distribution. σeq accounts for
the density perturbation from other dark matter at the
matter radiation equality epoch and is suggested to be
0.005 by Ref. [74].
The possibility that the currently observed stellar-mass
BBH mergers were caused by primordial black holes is
a topic of investigation [23–27, 75]. In the most opti-
mistic case, where the majority of observed black holes
by LIGO and Virgo are primordial in origin, fprimaryPBH =
3 × 10−3 by Ref. [75]. With this fixed fraction for the
primary mass, we use our results to constrain the con-
tribution of the secondary, sub-solar mass black hole to
dark matter. We assume a two-valued mass distribu-
tion, i.e., P (m1) + P (m2) = 100%. Thus the fraction in
dark matter for the primary and secondary black hole is
fprimaryPBH = P (m1)fPBH and f
secondary
PBH = P (m2)fPBH.
The upper limit for f secondaryPBH for a fixed fiducial pri-
mary mass m1 = 20(50) M and the average mass from
the 2-OGC catalog (∼37 M) [3] are shown in Fig. 5.
For the 2-OGC average case, we find that 1(0.1) M
primordial black holes cannot exceed 3(0.3)% of the to-
tal dark matter. In contrast, if we assume none of the
LIGO/Virgo BBH detections are composed of primordial
black holes, our results cannot constrain fPBH.
Our constraints can be directly compared with the tar-
geted search for near equal-mass sub-solar black holes [42,
43] based on the same formation scenario as described
by Eq. 4. We also note that stringent constraints for
sub-solar mass primordial black holes from pulsar timing
arrays [47] have almost excluded the 0.001− 1 M mass
region. Nevertheless, any positive results from a direct
search for sub-solar mass black holes will revolutionize
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FIG. 5. Upper limits on f secondaryPBH for the secondary, sub-solar
mass black hole assuming both primary and secondary black
holes have primordial origin, where we choose the primary
mass to be 20/50M (blue/orange) or the average mass of the
2-OGC catalog (∼ 37 M) (black). The constraints from the
LVC direct search for equal-mass primordial black holes [42]
are plotted for comparison.
current theories and may require novel mechanisms to
suppress observable gravitational waves induced by pri-
mordial scalar density perturbations.
V. CONCLUSIONS
In this work we conduct a novel search for gravita-
tional waves from the binary coalescence of high-mass-
ratio sources, where the primary mass is 20-100 M and
the secondary mass is 0.01-1 M. We find no promising
candidates, and thus place an upper limits on the merger
rate and the abundance of primordial black holes.
The merging of a primordial black hole with a black
hole formed through stellar evolution is extremely un-
likely under the scenario of direct capture through
gravitational-wave braking. A significantly more efficient
binary formation mechanism would be required for this
scenario to make a significant contribution. On the other
hand, assuming both black holes are primordial in origin
places constraints on the abundance of primordial black
holes.
Currently, advanced LIGO and Virgo are continu-
ally being upgraded [76], and the third generation of
gravitational-wave detectors can further improve the
horizon distance by an order of magnitude [77, 78]. At
that point, it will be possible to probe the redshift evo-
lution of stellar-mass binaries to distinguish primordial
and stellar-origin black hole distributions [75]. From our
results, we expect the constraint on sub-solar mass pri-
mordial black hole abundance to be 103−4 times tighter
than the current search, assuming a null result.
We make available the top candidates from our anal-
ysis along with the configuration files necessary to re-
produce the search at https://github.com/gwastro/
stellar-pbh-search.
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